Background: With brain aging, cognition and gait deteriorate in several domains. However, the interrelationship between cognitive and gait domains remains unclear. We investigated the independent associations between cognitive and gait domains in a community-dwelling population.
Introduction
Age-related pathology of the brain may cause a decline in various cognitive domains, such as memory, executive function, and information processing speed [1, 2] . Cognitive decline may ultimately lead to mild cognitive impairment and dementia [1] .
Gait is a complex motor function that is also heavily affected by age-related brain pathology [3, 4] . Gait is a strong indicator of health, and poor gait is associated with higher mortality, morbidity, and risk of falls [5] [6] [7] . Gait can be measured in several conditions, such as normal walking, turning, and tandem walking, and gait yields many parameters. These parameters in turn constitute fewer independent gait domains, such as Rhythm, Variability, Pace, Turning, and Base of Support, which together provide a comprehensive description of gait [8] [9] [10] . A few recent studies have shown associations of certain gait domains with different brain areas; for example, step width (part of Base of Support) is associated with the pallidum whereas step length (part of Pace) is associated with the sensorimotor-and dorsolateral prefrontal cortex [3, 4] .
Given that cognition and gait closely reflect brain functioning, several studies have studied the link between the two [9, [11] [12] [13] . These studies did so by investigating global cognition or gait velocity, but they did not study separate domains [11] [12] [13] . It is conceivable that certain cognitive domains may associate with certain gait domains, both affected by a single corresponding brain area. The one study to investigate associations among specific cognitive and gait domains found Pace to be associated with attention and executive function [9] . Additionally, they found Rhythm, Variability, and Pace to associate with cognitive decline and incident dementia [9] .
Still, given that cognition and gait are broad concepts, it remains unknown how various other cognitive and gait domains are associated. Moreover, most previous studies did not consider correlations among cognitive and gait domains, making it difficult to discern their independent effects.
In a population-based study, we investigated the independent associations between cognitive domains and gait domains. To more comprehensively assess gait, we investigated normal walking, turning, and tandem walking.
Methods

Setting
This study was embedded in the Rotterdam Study, a prospective population-based cohort in the Netherlands aimed to investigate causes and determinants of chronic diseases in the middle-aged and elderly [14] . The cohort was initially defined in 1990 and expanded in 2000 and 2005. In 1990 and 2000, all inhabitants aged 55 years and older of Ommoord, a suburb of Rotterdam, were invited to participate in the study. In 2005, all inhabitants aged 45 years and older were invited. A total of 14,926 persons agreed to participate (response rates of 78, 67, and 65%). At study entry and during follow-up every 3-4 years, each participant underwent a home interview and extensive physical examination at the research center. At these assessments, height and weight were measured and self-reported chronic diseases were recorded. During the interview at study entry, the attained level of education was assessed according to the standard classification of education [14] . From March 2009 onward, gait assessment has been implemented in the core protocol of all subcohorts. The current study comprises all participants that completed gait assessment until March 2011. The study has been approved by the Medical Ethics Committee of the Erasmus Medical Center. All participants gave written informed consent.
Assessment of cognitive function
Cognitive function was assessed with the following neuropsychological test battery: the Mini-Mental State Examination (MMSE) [15] , the Stroop test [16] , a 15-word verbal learning test (based on Rey's recall of words [17] ), the Letter-Digit Substitution Task (LDST) [18] , a word fluency test (animal categories) [19] , and the Purdue Pegboard test [20] . To obtain more robust measures, z scores were first calculated for all separate tests by subtracting the individual value by the population mean and dividing by the standard deviation (SD). Then, z scores for different tests were combined into compound scores for memory, executive function, information processing speed, global cognition, and fine motor speed as reported previously [21] . The z scores for the Stroop tasks were inverted for use in these compound scores because higher scores on the Stroop task reflect worse performance whereas higher scores on all other tests reflect a better cognitive performance. The compound score for memory was calculated as the average of the z scores for the immediate and delayed recall of the 15-word verbal learning test. Executive function was constructed by averaging the z scores for the Stroop interference subtask, the Word Fluency Test (number of animals in 1 minute), and the LDST (number of correct digits in 1 minute). Information processing speed was the average of the z scores for the Stroop reading and Stroop color naming test and the LDST. Fine motor speed was defined by the z score for the Purdue Pegboard test (both hands). For global cognition, we used the average of the z scores of the Stroop task (average of all three subtasks), the LDST, the Word Fluency Test, the immediate and delayed recall of the 15-word verbal learning test, and the Purdue Pegboard test (both hands). For each compound score, new z scores were calculated.
Gait assessment
A description of the gait assessment has been published previously [10] . Gait was assessed with a 5.79-m long walkway (GAITRite Platinum; CIR systems, Sparta, NJ: 4.88-m active area; 120-Hz sampling rate) with pressure sensors. This device is considered an accurate system to determine gait parameters [22] [23] [24] .
Participants performed a standardized gait protocol consisting of three different walking conditions: normal walk, turning, and tandem walk. In the normal walk, participants walked over the walkway at their own pace. This walk was performed 4 times in both directions (eight recordings). In turning, participants walked over the walkway at their own pace, turned halfway, and returned to the starting position (one recording). In the tandem walk, participants walked tandem (heel-to-toe) over a line visible on the walkway (one recording).
In recordings of the normal and tandem walks, footsteps not falling entirely on the walkway at the start and at the end were removed before the analyses. The first recording of the normal walk was treated as a practice walk and was not included in the analyses. Recordings of individual walks were removed if instructions were not followed correctly or when fewer than four footprints were available for analyses. Spatiotemporal variables were calculated by the walkway software.
Consecutively, principal components analysis on 30 gait variables was used to derive summarizing factors, as previously reported [10] . Within the principal components analysis, varimax rotation was used to ensure that the factors were totally independent from each other. Factors were selected if their eigenvalue was 1 or higher, indicating that each factor explains at least as much variance as a single variable. We appointed variables to a certain factor if their correlation with the factor was 0.5 or higher. Although a gait variable could attribute to several factors, none of the gait variables had a correlation of 0.5 or higher with more than one factor. If necessary, factors were inverted so that lower values always represent "worse" gait. This applied to all factors except for Pace. Seven factors were derived from this principal components analysis, in which each factor represents a different independent gait domain: Rhythm, Variability, Phases, Pace, Tandem, Turning, and Base of Support [10] . Rhythm, Variability, Phases, Pace, and Base of Support have also been found in other studies, whereas Tandem and Turning recently were additionally identified from our study ( Table 1 ) [8] [9] [10] . Similar to global cognition, we calculated a global gait score by summing all gait factors, dividing by the number of gait factors, and subsequently calculating a new z score.
Educational categorization
Education was divided into seven categories: 0 5 primary education, 1 5 lower vocational education, 2 5 lower secondary education, 3 5 intermediate vocational education, 4 5 general secondary education, 5 5 higher vocational education, and 6 5 university.
Population for analysis
Between March 2009 and March 2011, 1905 participants were invited for gait assessment. Of these, 405 were excluded for various reasons: 196 participants were removed for technical reasons; 21 participants were excluded for use of walking aids, self-reported prosthesis, or Parkinson's disease; 113 participants were excluded because of too poor physical ability to walk; 41 participants were removed because they had fewer than 16 steps available for analyses, which lowers the validity of their gait parameters [25] ; 14 participants refused to participate; 9 participants refused to perform all walks; 9 participants were removed because they did not follow instructions; and 2 participants did not perform the walks for other reasons. Of the remaining 1500 persons, an additional 248 participants were excluded because of missing cognitive data and another 20 participants because their educational level was unknown. In total 1232 participants were included in the analyses.
Statistical analysis
Linear regression analyses were used to determine the associations of MMSE and global cognition with the separate gait domains. We also investigated the association of global cognition (in quintiles) with global gait using univariate analyses of variance (ANOVA) and analyzed the P trend for linearity.
We subsequently investigated the associations of individual cognitive domains with the gait domains. First, we used linear regression analyses to investigate the associations for the separate cognitive domains with the gait domains. Given weak to strong correlations across cognitive domains (see Supplement Table 1 ), we consecutively used multivariate linear regression analyses including all cognitive domains. This way, we investigated the independent associations of the various cognitive domains with each independent gait domain.
All analyses were adjusted for the following potential confounders: age (at the time of the assessment of cognitive function), sex, height, weight, education, subcohort, and the interval between cognition and gait assessment in days. Analyses with Tandem were additionally adjusted for the step length and step count in the tandem walk. To address the robustness of our findings, Bonferroni correction was performed for all linear regression analyses involving cognitive domains (for 28 tests).
We note that all above-mentioned associations were tested against the null hypothesis of no association. For the multivariate analyses, we also directly compared effect sizes across associations with each other. We did this only for associations that were significantly different from the null after Bonferroni correction. The effect size of such association between cognitive domain and gait domain was compared to the effect sizes with other gait domains.
We also performed sensitivity analyses to investigate any effect of selective dropout of persons that were physically unable to walk. We did so by imputing global gait for these persons with the lowest global gait score among the available population. We subsequently compared results from linear regression before and after including these persons. Alternatively, we divided global cognition and global gait into quintiles and placed the persons unable to walk in the worst quintile of global gait. Consecutively, we calculated Spearman's correlations before and after including these persons. Finally, adjustment for self-reported osteoarthritis and rheumatoid arthritis was performed to determine their influence on the investigated associations. All statistical analyses were performed using SPSS PASW version 17.0.2 for Windows.
Results
Population characteristics are presented in Table 2 . The mean age was 66.3 years (SD 11.8), and 54.7% of the participants were women. The mean MMSE was 28.0 (SD 1.8) and the median educational level was intermediate vocational education. Excluded participants were more often female than the included participants and were significantly older (P , .05). After adjustment for age and sex, excluded participants also had shorter stature, a lower education, and a lower MMSE score compared with the included participants (all P , .05).
MMSE and global cognition were significantly associated with Variability and Pace (Table 3 ). In addition, global cognition was also significantly associated with Rhythm and Turning.
In Figure 1 , a strong association between global cognition and global gait is seen (difference in z score of global gait per SD increase of global cognition: 0.26 [95% confidence interval: 0.19; 0.32]). When investigating cognition in quintiles, persons in the lower three quintiles had worse gait than persons in the highest quintile (P , .05). Moreover, this association demonstrated a significant P trend for linearity (P , .001). Table 3 also shows that without adjustment for other cognitive domains, several cognitive domains were significantly associated with various gait domains.
In Table 4 , the associations between cognitive domains and gait domains are shown after multivariable modeling, thereby exploring independent associations. Three associations were found to survive Bonferroni adjusted statistical thresholds: information processing speed was associated with Rhythm (difference in z score of Rhythm per SD increase of information processing speed: 0. 15 The effect size of the association between information processing speed and Rhythm was significantly larger than the effect size of information processing speed with Pace, but not that with Tandem (Supplement Table 2 ). The effect size of fine motor speed with Tandem did not differ significantly from the effect size of fine motor speed with Rhythm and Pace. Neither did the effect size of executive function with Pace differ significantly from the effect size of executive function with Rhythm and Tandem.
In the sensitivity analyses, after imputing gait values for the persons that were missing in the original analyses, the Spearman's correlation and the linear regression showed a stronger association between global cognition and global gait than in the original analyses Adjustment for self-reported osteoarthritis and rheumatoid arthritis did not change the results.
Discussion
Our study shows that cognitive domains and gait domains are tightly associated, with a putative pattern of certain cognitive domains with gait domains: information processing speed was associated with Rhythm, fine motor speed was associated with Tandem, and executive function was associated with Pace. Suggestive associations were also found for memory with Phases and Pace, for information processing speed with Turning, and for fine motor speed and executive function with Variability. Excluded participants were significantly older than the included population (P , .05).
z Excluded participants differed significantly from the included population in these characteristics after adjustment for age and sex.
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The strengths of our study include the population-based design, the large sample size, the different walking conditions included, and the many independent gait domains investigated. Moreover, we also made our cognitive domains independent from each other by adjustment in a multivariable model. However, our study also has some limitations. First, the cross-sectional design precluded the possibility to investigate the time-dependent relation between gait and cognition. Secondly, our population was selected to be relatively healthy, both cognitively and physically; hence, generalizability of our results may be restricted to a healthy population. However, our sensitivity analyses suggest that the exclusion of persons unable to walk has most likely led to an underestimation of the strength of association between cognition and gait. Thirdly, apart from normal walking, turning, and tandem walking, gait also comprises other walking conditions, such as running, backward walking, and backward tandem walking, which were not included in this study. Finally, several cognitive domains, such as attention, were also not tested in our study.
We demonstrated that better global cognition was associated with better global gait over the whole range of global cognition. This suggests that this association is not driven by persons at the lower end of the spectrum of cognitive ability. Instead, even in persons with average and good cognitive ability, cognition associates with gait.
MMSE and global cognition were most strongly associated with Variability, followed by Pace. Global cognition was also significantly associated with Rhythm and Turning. These results correspond with previous studies that found similar associations for global cognition with these gait domains or constituting variables [9, 11, 26] .
Apart from their strong mutual association, gait variability and cognition are also associated with the risk of falls [5, 27, 28] . Thus, gait variability may be the most important gait-related intermediate in the association between cognition and risk of falls.
In a basic model with no adjustment for correlations among cognitive domains, we found that several cognitive domains associated with various gait domains. This demonstrates the close relationship between cognition and gait, but it also accentuates the correlation among the cognitive domains.
When investigating independent associations in multivariable models, a possible distinct pattern of associations emerged: information processing speed was significantly associated with Rhythm, fine motor speed was associated with Tandem, and executive function was associated with Pace. Suggestive associations were also found for memory with Phases and Pace, for information processing speed with Turning, and for fine motor speed and executive function with Variability. Because of the adjustment for other cognitive domains and the use of independent gait domains, these results suggest specific associations between cognitive domains and gait domains. However, direct comparison Table 3 Associations for the global cognition measures and separate cognitive domains with gait domains
Global cognition scores NOTE. Values represent the change in z scores (with 95% confidence intervals) of gait per point increase for MMSE or per standard deviation increase for global cognition and the cognitive domains. For MMSE and global cognition, results in bold represent significant findings against the null hypothesis of no association (P , .05). For the cognitive domains, results in bold represent significant findings against the null hypothesis of no association after Bonferroni correction for 28 tests (P , .0018). All analyses were adjusted for age, sex, height, weight, education, subcohort, and the interval between cognition and gait assessment in days. *Additionally adjusted for step count and step size within the tandem walk.
showed few significant differences in effect size among the associations. Only the effect size of the association between information processing speed and Rhythm differed significantly from that with Pace. Therefore, we cannot be certain that the associations found between cognition and gait are indeed domain specific. The only other study investigating associations between cognitive domains and gait domains found a significant association between executive function and Pace, but it did not find the suggestive associations for memory with Pace and executive function with Variability [9] .
Most other studies on cognition and gait investigated gait with gait velocity, which was found to be associated with memory, information processing speed, and executive function [12, 13] . However, gait velocity (5 step length/ step time) is reflected by two gait domains: Rhythm (via step time) and Pace (via step length) [10] . Our results suggest that the Rhythm part of gait velocity is associated with information processing speed whereas the Pace part may be mainly associated with memory and executive function.
The association found between fine motor speed and Tandem is new and suggests that brain areas important for fine motor speed may also be important to maintain balance in gait.
It was surprising to note that the strong association found between global cognition and Variability was not reflected by a specific cognitive domain. Previous studies suggested that gait variability is foremost associated with executive function [29, 30] . However, our results suggest that the association between cognition and Variability is not domain specific, but a global association distributed about equally over the cognitive domains, with only a suggestive predilection toward fine motor speed and executive function. Future studies are needed to validate the suggestive associations found in our study.
The relevance of the effect of these associations may be better interpreted when compared with the effect of age on gait, which has recently been reported from our study [10] :
The effect of a 1 SD poorer performance in fine motor speed on Tandem corresponds to the effect of 5 years of aging whereas the effect of a 1 SD poorer performance in executive function on Pace corresponds to even 10 years of aging [10] .
The strong associations between specific cognitive and gait domains demonstrate the close and intricate relationship between cognition and gait. This close relationship is likely explained by the effect of common underlying brain pathology. Indeed, previous studies have already shown pathologies in certain areas of the brain to be associated with specific cognitive and specific gait domains [1, 3, 4, 31] . Nonetheless, an alternative explanation of poor cognitive functioning leading to gait disturbances because of impaired motor control should also be considered. However, although some studies did find that cognitive functioning was associated with a future decline in gait, other studies found poor gait to predict future cognitive decline whereas others found cognition and gait to deteriorate concurrently [9, [11] [12] [13] 32] . However, future studies are needed to further unravel the etiology of the associations between cognition and gait.
In conclusion, we found a distinct pattern in the associations between cognitive domains and gait domains: information processing speed was associated with Rhythm, fine motor speed was associated with Tandem, and executive function was associated with Pace. These results accentuate the close, but complicated, relationship between cognition and gait and may aid in unraveling the broader spectrum of the effects of brain aging. Future studies should also further explore the role of gait deterioration in incipient dementia and other neurodegenerative disease in old age.
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